Fluorescence signals of quantum dots (QDs) influenced by different array structures of gold-coated silicon nanorods (SiNRs) were investigated via experimental observations and two-dimensional (2D) finite element method (FEM) simulations. On the densest gold-coated SiNRs array structure, the highest QD fluorescence quenching rates were observed and on the sparsest array structure, the highest QD fluorescence enhancement rates were observed. By developing a new technique which obtains the optical image of the array structures without losing information about the QD locations, we were able to further investigate how the QD fluorescence is influenced by spatially controlled array structures.
Introduction
The fluorescence emission from semiconductor nanoparticles can be significantly influenced by coupling with the localized surface plasmon (LSP) provided by metal surfaces [1] [2] [3] . By properly arranging the geometric configurations of a metal/dielectric interface, the properties of the LSP resonance modes, in particular, their interaction with light can be manipulated. For example, the topic of quantum dots (QDs) located within the range of surface plasmon polaritons [4] [5] [6] [7] [8] [9] [10] [11] [12] has been studied.
Besides, many applications such as surface enhanced Raman scattering (SERS) [13] [14] [15] [16] , plasmon waveguides [17] , filters and nanocavities [18] , etc have been developed recently. In this paper, to investigate the coupling effects of QD fluorescence and the LSP resonance modes, we designed three different array structures, i.e. square periodic arrays of gold-coated silicon nanorods (SiNRs), for the experiments. The geometric size and shape of the Aucoated SiNRs in these three array structures are fixed; however, the distances between the Au-coated SiNRs are varied for 6 Author to whom any correspondence should be addressed. spatial control of the LSP resonance modes. Both enhancement and quenching of the QD fluorescence influenced by the array structures were observed in the experiments. We further developed a new technique to define the relative locations between the QDs and the Au-coated SiNRs for observing how the relative locations influence the coupling effect. Finally, 2D finite element (FE) [19] simulations based on electromagnetic theory were applied for interpretations.
Experiment results and discussions
The descriptions of the three Au-coated SiNR arrays (scanning electron microscopy (SEM) images as shown in figures 1(A) (a)-(c)) used in our experiments can be found in our previous paper [20] . The commercially available core/shell (CdSeTe/ZnS) QDs [21] (diameter 5.3 nm, concentration ∼ 10 −9 M) were spin-coated (∼5000 rpm) on a cover glass, and then each array structure was put upside down above the cover glass (the top of the Au-coated SiNWs was contacted with the QDs on the cover glass) as shown in figure 1(B) . The enhancement factor was calculated by the intensity value on arrays [a-c] divided by the intensity value on the glass, respectively. The intensity value can be obtained from the integration of the multi-channel scalar (MCS) trace/the record time. One of a segment of MCS trace is shown in figure 2(C) (a). The statistical quenching (enhancement) rate is defined as the rate of the quenching (enhancement) event numbers/total event numbers. The quenching rates (Q%) and enhancement rates (E%) were obtained from the target 50 QDs (classified by the enhancement factor). Since the error bar of the fluorescence intensity of the same point (obtained from the average of ten measurements) of QDs is ∼5%. Therefore, we assume that when the intensity variation of the QD fluorescence >10%, the extra variation is due to the phenomena of quenching or enhancement. For each point of QDs, the enhancement factor <0.9 is classified as quenching, whereas the enhancement factor >1.1 is classified as enhancement. For the 50 different QDs on arrays [a-c], the quenching rates are ∼46%, 10%, and 8% respectively, and the enhancement rates are ∼42%, 74%, and 82% respectively. We find that among the three array structures, the QDs fluorescence on array [a] exhibits the highest quenching rate, whereas that on array [c] exhibits the highest enhancement rate. According to the results of the reflectance spectra of three different array structures in our previous paper [20] , the LSP mode of array [c] is close to the fluorescence wavelength 705 nm [20] . The highest coupling efficiency is reached when the LSP resonance is formed [10] . In our case, the sparsest array structure provides such LSP resonance frequency coincidentally, which is a key point indicating that among the three array structures, array [c] provides higher coupling efficiency for QD fluorescence enhancement. In other words, QD fluorescence on array [c] can be efficiently enhanced due to it being the sparsest array structure where the localized surface plasmon resonance forms.
In figures 2(C) (a) and (b), the multi-channel scalar (MCS) trace and the time- In order to define the relative locations between the SQD and the Aucoated SiNR, we removed the long pass 500 nm filter, and focused the laser light near each array substrate. Therefore, the substrate regions are bright and the Au-coated SiNRs regions are dark, such that the array structures are distinguishable. The stability of the system was carefully checked by comparing the drift distances (<2.5 nm in 1 min) of the SQD locations before and after measuring the reflection images. Array is located near the mid-point of two Au-coated SiNRs where the constructive interference is formed, e.g. locations d1 and p1. However, when the SQD touches the Au-coated SiNR, e.g. location x, the enhancement factor is decreased due to the dissipation process.
In figures 3(C) (a)-(c), we used the FEM [19] simulations as implemented in the FEMLAB code (www.femlab.de) to calculate the time average total energy densities on a unit cell of array [c] for comparison with the experiment results. The simulation details can be found in our previous papers [12, 20] .
The Helmholtz wave equation was solved within a unit cell by employing periodic boundary conditions for each case, and the TM mode plane wave based calculations corresponding to the LSP resonance were obtained. In figure 3(C) (a) , 'the enhancement factors versus the position' on the 0 nm line above the Au-coated SiNRs are shown for both the peripheral (green line) and the diagonal (olive line) direction on array [c] . Consistent with the experimental results, we find that on the center regions of the 0 nm line above the Au-coated SiNR (location x), the enhancement factor is about 0 which corresponds to the quenching effect, whereas on the boundary regions (locations d2 and p2-3) of the Au-coated SiNR and the constructive interference regions (locations d1, p1), the enhancement factors are higher. The time average total energy densities on a unit cell of array [c] at incident wavelength 705 nm in the diagonal and peripheral direction are shown in figures 3(C) (b) and (c) respectively.
Conclusion
In conclusion, we found that QD fluorescence on the sparsest array structure shows the highest enhancement rate due to the highest coupling efficiency with the radiative LSP resonance frequency; whereas QD fluorescence on the densest array structure shows the highest quenching rate due to the largest contact areas with the Au-coated SiNRs, which provide the largest regions for the fluorescence dissipation. Further, from the observations with the identified relative locations between the QDs and the array structures, we found that the QD fluorescence enhancement effects are observed on the locations close enough to the Au-coated SiNRs (but not touching the Au) and on the locations near the mid-point of two Au-coated SiNRs. Finally, 2D FEM simulation results are consistent with the experimental results. The array structures we studied were fabricated by well-established silicon technology and are reproducible. By implementing careful design, more efficient composite optical devices could be fabricated.
